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ABSTRACT

The presence of low-amplitude peaks, often referred to as "grass", in the power spectra of δ Scuti stars is frequently disregarded.
However, these seemingly insignificant peaks might contain valuable information about the origin of these stars and the reasons behind
the occurrence or absence of a flat plateau. It is crucial to systematically parameterize the grass phenomenon across a comprehensive
sample that covers the entire δ Scuti star range on the HR Diagram. By doing so, we can conduct a quantitative investigation of this
phenomenon, leading to improved detection methods for flat plateaus and a deeper understanding of their nature.
To address these objectives, we leveraged long-duration, high-duty-cycle TESS light curves of δ Scuti stars. This approach minimizes
the impact of unresolved peaks caused by mode variations over time. Additionally, we employed appropriate analysis techniques to
mitigate window effects and identify and eliminate spurious peaks.
We demonstrate here that the grass can be effectively parameterized based on peak density. With such parameterization two distinct
regimes were found: the "sparse grass regime", characterized by low grass density and the absence of a flat plateau in the power
spectra, and the "dense grass regime", characterized by high grass densities and the presence of an observable flat plateau.
Our study is the first rigorous quantification of the emergence of a plateau in the power spectra of δ Scuti stars. The parameterization
of the grass properties opens the way to the study of fractality, mode variability, and rotation.
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Fig. 1. Power spectrum of TIC 198456033, a δ Scuti star with flat
plateau (black). Red points to the contribution of grass peaks. Blue rep-
resents the power spectrum below detection limit.

1. Introduction

The classical stellar pulsators known as δ Scuti stars are A-F in-
termediate mass stars (1.5 to 2.5 M⊙; Breger 2000) with temper-
atures from 6000 to 9000 K (Uytterhoeven et al. 2011) and fre-
quencies between 50 and 930 µHz. Their main excitation mech-
anism is known as the κ-mechanism (Chevalier 1971) although

Fig. 2. Same as Fig. 1 but for TIC 232604221, a δ Scuti star without flat
plateau.

other mechanisms may play a significant role (Antoci et al. 2014;
Xiong et al. 2016).

Some of the first δ Scuti stars observed by CoRoT space tele-
scope (Baglin et al. 2006) present a flat power excess unobserv-
able from the ground, made by a high number of low-amplitude
peaks, that sharply decreases at higher frequencies down to noise
(Poretti et al. 2009). Fig. 1 shows the power spectrum of a δ Scuti
star with flat plateau. The amplitudes of the peaks are slightly
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higher than the background noise, but they are still statistically
significant.

There are many possible (non-)physical phenomena behind
the origin of this power-spectral feature. For example, the flat
plateau may be produced by a cascade bug during the analysis
of the data (Balona 2014) or by the possible non-harmonic nature
of the observed power spectra (Pascual-Granado et al. 2015).

Split peaks due to mode variations in time are commonly
observed since ∼ 45% of the power spectra of Kepler δ Scuti
stars have one sidelobe (Balona & Dziembowski 2011). This is
in agreement with Barceló Forteza et al. (2020) where it is shown
how 73% of δ Scuti stars of their ∼2300 star sample present dif-
ferent kinds of split peaks. Each kind may be explained with
different mechanisms. These mechanisms can be extrinsic to the
modes, such as orbital Doppler effect in multiple systems (Shiba-
hashi & Kurtz 2012); or intrinsic, such as mode coupling (e.g.,
Moskalik 1985; Buchler et al. 1997; Barceló Forteza et al. 2015).

A possible explanation could be a granulation background
signal that may develop in cool δ Scuti stars since they could
have thin outer convective layers (Kallinger & Matthews 2010;
Balona 2011). Another cause may be a misaligned magnetic field
from the rotation axis that splits the modes into (2l + 1)2 peaks
(Goode & Thompson 1992). However, it may not be common
in δ Scuti stars since only a few detections have been reported
(Kurtz et al. 2008; Neiner et al. 2017; Zwintz et al. 2020).

Rotation is one of the most plausible mechanisms. A high
rotation rate modifies the shape of the star from a sphere to
an oblate spheroid. Owing to the geometry of the star, a less-
effective disc-averaging of the flux allows to observe higher de-
gree modes than the spherical case (up to l=20, Kennelly et al.
1998; Poretti et al. 2009). In addition, the oblateness of the star
can lead to the emergence of a significant number of chaotic
modes (Lignières & Georgeot 2009). Not only fast rotation is
widespread in A-type stars (e.g. Royer et al. 2007), but also it is
related to many of the other phenomena, such as the magnetic
fields or the rotational mode coupling.

Each of these physical mechanisms may be of different
importance depending on the particular characteristics of each
δ Scuti star. In fact, Barceló Forteza et al. (2017, BF2017 here-
after) contends that the two main mechanisms are rotation and
mode variation.

To study the low-amplitude peaks of the power spectra,
BF2017 defined the so-called grass as the low-amplitude peaks
within δ Scuti frequency regime with Si ≲ 0.01% where

Si(%) ≡ 100
(rmsi − rmsi+1)

rms0
, (1)

and rmsi is the root mean square of the residual signal before
subtracting the i-th peak from the pulsation signature assuming
a flux given by

F ≈
∑

i

Ai sin (2πνit + ϕi) + N , (2)

in which each harmonic signature is characterized by its fre-
quency, amplitude, and phase (νi, Ai, ϕi, respectively), and N
is the background noise. Then, Si is the contribution of the peak
to the entire light curve. Taking into account its definition, grass
peaks may or may not form a plateau. Fig. 1 highlights the dense
contribution of the grass to the flat plateau down to the detection
limit. On the contrary, Fig. 2 shows a few scattered grass peaks
but no plateau.

This Si limit is useful to differentiate the grass peaks from
these of the envelope with higher amplitudes. The envelope

Fig. 3. Sample of δ Scuti stars from TESS Cycle 2. Redder colors indi-
cate the presence of a flat plateau. The black line points to the Zero Age
Main Sequence. Grey dashed lines represent red and blue limits of the
instability strip for observed pulsators in the δ Scuti regime (Murphy
et al. 2019).

peaks origin is mainly pulsation and they follow several scaling
relations such as the low-order large separation - mean density
of the star (Suárez et al. 2014; García Hernández et al. 2015;
García Hernández et al. 2017; Bedding et al. 2020), and the
temperature, gravity and frequency at maximum power (e.g.,
Balona & Dziembowski 2011; Moya et al. 2017; Barceló Forteza
et al. 2018; Bowman & Kurtz 2018; Barceló Forteza et al. 2020;
Hasanzadeh et al. 2021). BF2017 defined the envelope as the
peaks within the δ Scuti pulsation regime with Si ≳ 0.1%. The
peaks between the upper limit of the grass regime (Si ≲ 0.01%)
and the envelope lower limit may belong to one of these two
regimes. They used these different limits to avoid using peaks
belonging to the other region that might influence the results. In
this work, we will follow these definitions.

BF2017 studied the grass of four δ Scuti stars in order to un-
veil the characteristics of the flat plateau. Using the power spec-
tra of the residual light curve after subtracting the envelope, they
calculated the mean amplitude of the grass (Ag), and the mean
density of peaks (n̄; see Fig. 6 and 7 in BF2017). To calculate
these values, they take into account the typical frequency regime
of δ Scuti pulsations up to the cut-off frequency, νc, where the
amplitude/density of peaks significantly decay.

Here, we present a quantitative study of the flat plateau phe-
nomenon that allow its parameterization, improving the under-
standing of its nature and how it is detected. In Sect. 2, we in-
troduce our sample of δ Scuti stars in order to cover the most
representative cases. We explain how data is analyzed including
low-duty-cycle light curve reduction and how its power spec-
tral structure is classified via their signal (Si, see Sect. 3). In ad-
dition to the characterization laid out by BF2017, we propose
the plateau factor, i.e., the steadiness of the amplitude across
the plateau, obtaining two different regimes (see Sect. 4). Tak-
ing into account our results, we discuss the possible mechanisms
behind the emergence of the flat plateau in Sect. 5. Finally, we
present our conclusions in Sect. 6.
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Fig. 4. Top panel: Deviation from perfect correlation at each stage be-
tween the original and detected harmonic flux for high-quality data
points for simulated δ Scuti light curves with different realistic duty
cycles. Bottom panel: Number of detected peaks as a function of the
number of stages for the same simulations as above panel.

2. Data from space telescopes

We study the light curves of our sample of stars representative
of the δ Scuti frequency regime. Fig. 3 presents the Hertzsprung-
Russel diagram location of the stars in our sample inside the
instability strip. They are color-coded by the plateau factor we
will introduce in Sect. 4.

The high photometric precision required to study peaks of
a few parts-per-million is reached by space telescopes such as
CoRoT, or Kepler (Baglin et al. 2006; Borucki et al. 2010). The
longer the campaign, the better to avoid unresolved peaks of the
power spectrum due to mode variations (BF2017). For exam-
ple, the four-year-long observations of Kepler allow us to ob-
serve cyclic variations of some δ Scuti star modes with periods
up to years (e.g., Barceló Forteza et al. 2015). Nevertheless, Ke-
pler long cadence (∼30 min) produces power spectra with lower
Nyquist frequency (νNy ∼ 283 µHz) than the highest frequencies
of the typical pulsation regime for δ Scuti stars. These datasets
can be used to study high-amplitude peaks via superNyquist
asteroseismology (Murphy et al. 2013), but not for very dense
spectra saturated with low-amplitude frequency-blended peaks.

Then, we selected a homogeneous sample only from TESS
(Transiting Exoplanet Survey Satellite; Ricker et al. 2015) using
all Cycle 2 sectors. These stars are from, or close to, the south-
ern pole continuous viewing zone. This yields a ∼352-day light

curve and a Rayleigh frequency of 33nHz. The cadence of the
studied TESS light curves is ∼2 minutes. Therefore, the Nyquist
frequency is 4167 µHz, covering, by far, all the typical frequency
regime. Using all available sectors, their duty cycle range be-
tween 76% to 85% due to periodic data downlinks and several
data anomalies.

After their reduction (see Sect. 3), we provide the first analy-
sis of sixteen previously unstudied TESS light curves (Table O.1
to O.16 available online).

3. Methodology

We employed the δ Scuti Basics Finder pipeline (referred to as
δSBF hereafter, see BF2017 and references therein) to charac-
terize the power-spectral structure of this particular type of stars.
The pipeline’s three-stage method, consisting of two indepen-
dent interpolation stages and one frequency analysis stage (see
Barceló Forteza et al. 2015, for detailed information), allowed us
to effectively fill the gaps in the light curves by utilizing infor-
mation from the previously subtracted peaks.

During each prewhitening step, we calculated Si, and
promptly identified any spurious peaks, signaling the comple-
tion of that stage. Spurious peaks exhibit a negative signal, as
they contribute harmonically instead of being subtracted (Si < 0,
see Eq. 1). This alarm serves to notify us that spurious peaks can
only arise due to slight variations between the original data and
the filled gaps, which are considered authentic solely during the
analysis stage. To be considered valid, all detected peaks must
have a signal-to-noise ratio of 4 or higher.

The three-stage method effectively minimizes the impact of
gaps and significantly reduces background noise. It can reduce
background noise by up to a factor of 3 for duty cycles of 60%
and up to 14 for duty cycles around 90% (Barceló Forteza et al.
2020). The efficacy of gap-filling improves with each interpola-
tion stage, benefiting from the availability of more information
in the light curve. This improvement stems from the minimiza-
tion of errors in the subtracted harmonic parameters after each
stage. Furthermore, the method’s efficiency is augmented by the
excellent observational window provided by space missions and
the high signal-to-noise ratio (García et al. 2014; Barceló Forteza
et al. 2015).

To further enhance the detection of spurious peaks resulting
from slight differences between real data and interpolation, we
introduce here the 2K+1 stage method, an upgraded procedure
involving 2K independent interpolation stages and a final fre-
quency analysis stage.

We validated our procedure by conducting tests using simu-
lated light curves containing approximately 1400 actual δ Scuti
star oscillations. These tests incorporated elements such as noise,
realistic TESS duty cycles, and the presence of gaps. The top
panel of Figure 4 illustrates the deviation from the harmonic
model (see Eq. 2 with N = 0) for the high-quality data in the
simulated light curves, excluding the points identified as gaps. In
all cases, the deviation from the harmonic model decreases until
reaching a minimum value, distinct from 0 due to the presence
of simulated noise. The bottom panel depicts the number of de-
tected peaks after the 2K+1 stages. Our results demonstrate that
three stages are sufficient for analyzing low-amplitude peaks in
light curves with high duty cycles (≳90%). In these light curves,
the appropriate number of peaks is detected, and the deviation
from the harmonic model reaches its minimum at the third stage.
For lower duty cycles, additional stages are required to avoid
spurious peaks and accurately detect the genuine ones.
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Fig. 5. Top panel: Contribution to the number of peaks subtracted from
TIC 198456033 power spectrum as a function of their signal level. Note
the error bars on top of each measurement. Bottom panel: Same as top
panel for the contribution to the total amount of signal.

In studying our sample of stars, we determine the optimal
number of stages that minimize their deviation from the har-
monic model. We also consider the minimum stages required
based on their duty cycles, as determined through simulations.
For these reasons, the required stages to reduce the light curves
we consider here are a minimum of seven.

3.1. Signal analysis

After the frequency analysis of each δ Scuti star, we studied the
number of peaks and their contribution to the total amount of
signal taking into account their signal level (log Si, see Fig. 5 for
an example). We focus on peaks from the envelope (log Si ≥ −1)
and those belonging to the grass (log Si ≤ −2). On the one hand,
the power spectrum presents a considerably higher percentage
of grass peaks than those from the envelope (see top panel in
Fig. 5). On the other hand, the contribution to the signal of a
single dominant peak (log Si ≥ 1; see bottom panel) is several
times bigger than all peaks from grass: a ∼15% compared to a
∼5% for this particular star.

However, the number of peaks of each regime and their con-
tribution to the signal are different for each star. Fig. 6 shows
the typical values of both parameters for the stars of our sam-
ple. We differentiated the stars with and without plateau (grey
and beige areas, respectively). The envelope shows no sepa-
ration between both kinds of power spectra. On the contrary,
they are well separated in the grass. We also compared two spe-

Fig. 6. Top panel: Typical number of peaks subtracted from the power
spectra for our sample of δ Scuti star at each signal level (from top
to bottom solid black lines). Grey and beige areas point to the typical
values for cases with and without flat plateau, respectively. We also in-
cluded two representative cases (red circles and purple x dashed lines,
respectively). Bottom panel: Same as the top panel but for the contribu-
tion to the total amount of signal.

cific δ Scuti stars with (TIC 230136491; red line) and without a
plateau (TIC 259130275; purple line). Both have a similar num-
ber of dominant peaks and contribution to the signal but they
differ by orders of magnitude at grass level.

4. Grass parameterization

As in BF2017, we also use δSBF to parameterize the grass by
studying the mean amplitude and the mean density of peaks per
10-µHz bin (Abin and nbin, see top and bottom panels of Fig. 7,
respectively). However, we modify the pipeline in order to char-
acterize and compare all kinds of δ Scuti stars, including hybrids,
only measuring their grass properties in the δ Scuti frequency
regime (see Sect. 1). Instead of using the rough limit between
γ Doradus and δ Scuti frequency regimes at ∼50µHz, we cal-
culate the frequency at minimum peak density (νλ) around the
fundamental mode. The density of peaks for δ Scuti stars shows
a minimum between g and p modes domain (Moya et al. 2017, ;
see also bottom panels in Fig. 7).

We also modified the way we calculate the cut-off frequency.
Fig. 7 presents two characteristic cases of grass with and without
plateau (TIC 198456033 and TIC 232604221, as in Fig. 1 and 2,
respectively). The left column shows a grass with flat plateau. As
we described in Sect. 1, in this case the grass manifests a high
density of peaks with stable amplitude at frequencies up to the
cut-off frequency. For higher frequency peaks up to the higher
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Fig. 7. Grass parametrization for TIC 198456033 and TIC 232604221 (left and right columns, respectively). Top panels: Mean amplitude of
grass peaks per 10-µHz bin (black solid) compared with the mean amplitude of the plateau (Ā; red solid) from the frequency at minimum peak
density (νλ; green dashed) to the cut-off frequency for amplitude (νc,A; dashed-dotted orange). The amplitude threshold is also represented (Ath;
dashed-dotted orange). Bottom panels: Mean density of grass peaks per 10-µHz bin (black solid) and the mean density of grass peaks (n̄; red
solid) between the frequency at minimum peak density (dashed green) and the cut-off frequency for peak density (νc,n; dashed-dotted orange). The
density threshold is also represented (nth; dashed-dotted orange).

frequency detected (νN), the density of peaks rapidly decreases
and their amplitude drops to noise. On the contrary, right col-
umn in Fig. 7 shows a grass without plateau, i.e., a low density
of grass peaks and an unstable amplitude, including empty bins
with no peaks. The grass density decrease after the cut-off fre-
quency is barely noticeable.

Then, to constrain the plateau frequency regime, we measure
the cut-off frequency for peak density (νc,n). At that frequency,
the mean density of peaks per bin (nbin) decrease below the fol-
lowing threshold,

nth = N−1
bins(νλ, νN)

νN∑
νλ

nbin(ν) ≈ ng , (3)

where ng is the mean density of grass peaks for all the δ Scuti fre-
quency regime; and N(νa, νb) is the number of bins between the
frequencies. Finally, we measure the mean density of the plateau
(n̄) using its proper limits,

n̄ = N−1
bins(νλ, νc,n)

νc,n∑
νλ

nbin(ν) . (4)

We have taken a similar approach studying the amplitudes.
The cut-off frequency for amplitude (νc,A) points to the decay
of the mean amplitude per bin (Abin) below their threshold (Ath;
analogously to Eq.. 3). Since the density of peaks and the ampli-
tude do not have to reach their threshold value at the same fre-
quency, the two cut-off frequencies do not have to be equal (see
right panels in Fig. 7). Then, the mean amplitude of the plateau
is

Ā = N−1
bins(νλ, νc,A)

νc,A∑
νλ

Abin(ν) . (5)

The stability of the mean amplitude can be used to study the
presence or absence of a flat plateau. Then, we define the plateau
factor as

Ξ ≡ 1 − N−1
bins(νλ, νc,n)

νc,n∑
νλ

∣∣∣∣∣1 − Abin(ν)
Ā

∣∣∣∣∣ , (6)

The higher the plateau factor, the more similar is the grass to a
boxcar function. We also visually note this relation by compar-
ing the power spectra for the two stars discussed previously with
high and low plateau factors (left and right columns in Fig. 8,
respectively). Each panel of Fig. 8 shows the power spectral
structure of the original light curve, and also after subtracting
a consecutive signal level down to the detection limit. These
two stars have a similar number of peaks in the envelope but
TIC 198456033 has one order of magnitude more peaks in the
grass forming the plateau (see second panels from bottom). In
addition to the sparse grass peaks of TIC 232604221, their am-
plitudes are far from stable. Moreover, TIC 198456033 presents
a power excess in the δ Scuti frequency regime at the detection
limit compared with noise (see bottom panel of Fig. 8). On the
contrary, TIC 232604221 lacks of this power excess once the
detection limit is reached.

We repeat this exercise for all stars of our sample. Taking into
account the peaks at each signal level, Fig. 9 shows a random dis-
tribution regarding the presence of flat plateau (Ξ → 1) at each
signal level of the envelope. Nevertheless, this distribution is or-
ganized between signal levels −1 ≥ log Si ≥ −2 and remains
down to the detection limit. The higher the grass contribution,
the higher the plateau factor. In fact, all cases with Ξ ≳ 0.64
show a grass with flat plateau (grey area in Fig. 9). This distribu-
tion suggests that the limits between grass and envelope properly
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Fig. 8. From top to bottom: Power-spectral structure of the original light curve for TIC 198456033 (left column) and TIC 232604221 (right
column), and also those after extracting the indicated number of peaks. The second panel from the bottom shows the grass level and the presence
or absence of a flat plateau (Ξ, see text). Red dashed lines point to νλ and the highest detected frequency (νN). Orange dashed-dotted line points to
the cut-off frequency (νc,n).

separate both power spectral structures and the mechanisms for
the plateau emergence should be further explored.

4.1. With(out) flat plateau

The definition of the plateau factor is not related with the density
of grass peaks but with their mean amplitude throughout the pul-
sation regime. However, we find that the higher the mean density
of peaks, the higher the plateau factor (see Fig. 10). In fact, we
can differentiate two grass regimes,

Ξ =

{
(0.53 ± 0.18)n̄ − (0.04 ± 0.09), n̄ ≲ 1.03 ± 0.12
(48 ± 6)10−3n̄ + (0.55 ± 0.02), n̄ ≳ 1.03 ± 0.12 ;

(7)

where the Pearson correlation coefficient for each regime is
r∼0.823 and r∼0.961, respectively. For the sparse grass regime,
the plateau factor rapidly increases with n̄ up to a saturation limit
(Ξs ∼ 0.60 ± 0.02). On the contrary, the dense grass regime
slightly increases with n̄. This limit is in agreement with the ob-
served flat plateau for all δ Scuti stars with Ξ ≳ 0.64 (see Fig. 9).

The grass density decay,

∆n = n̄ − ng , (8)

also presents these two regimes (see Fig. 11). For power spectra
at the sparse grass regime (Ξ ≲ 0.6), the grass density decay is
close to zero. On the contrary, the decay significantly increases
after the saturation limit,

∆n =
{

0.19 ± 0.13, Ξ ≲ 0.60 ± 0.02 ;
(12.6 ± 2.3)Ξ + (7.3 ± 1.1), Ξ ≳ 0.60 ± 0.02 ;

(9)

where r∼0.964. δ Scuti stars at the dense grass regime (Ξ ≳ 0.6)
show a significantly higher density of grass peaks within the fre-
quency regime ν ∈ [νλ, νc,n] than outside.

Regarding the amplitudes, Fig. 12 shows how the plateau
mean amplitude distribution appears to be completely ran-
dom. The signal-to-noise ratio of the low-amplitude structure is
around 5 or higher for all cases except for two δ Scuti stars at
the sparse grass regime. Therefore, most of them can be consid-
ered as significant structures. Nevertheless, these structures in

Fig. 9. Top panel: Number of peaks subtracted from the power spectrum
of each δ Scuti star with regard to their signal level. Bottom panel: Same
as the top panel for the contribution to the total amount of signal. Redder
colors indicate a higher plateau factor (Ξ, see Sect. 4). As in Fig. 6, the
grey (beige) area indicates a grass with(out) flat plateau.

the sparse grass regime cannot be called plateau, they are only a
dispersed significant peaks.

Finally, our results, compiled in Table 1, are in agreement
with the qualitative study of the low-amplitude part of the power
spectra for δ Scuti stars: there are stars with and without flat
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Fig. 10. Plateau factor with the mean density of grass peaks (black
points). The plateau factor follows two different relations depending on
the regime: the sparse grass regime (solid blue line) and the dense grass
regime (dashed orange line).

Fig. 11. Grass density decay versus the plateau factor. Solid blue
(dashed orange) line represents the relation between both parameters
at sparse (dense) grass regime.

plateau. The plateau factor allows us to quantitatively character-
ize the power spectra but separates these two regimes thanks to
its saturation value: Ξs ∼ 0.60 ± 0.02. The power spectra at the
sparse grass regime do not have enough density of grass peaks to
create a flat plateau. But power spectra at the dense grass regime
have a high density of peaks, with a significant decay towards
high frequencies, allowing us to observe the plateau.

5. Discussion

After having characterized the behaviour of the low-amplitude
power spectra of δ Scuti stars, studying the differences between
members belonging to each regime may help us to find the mech-
anism for the emergence of the flat plateau.

At this point, we can rule out the possibility of a cascade
bug as the main cause of the flat plateau. An important key
point is the windows effect correction. Low-duty-cycle light
curves should be properly interpolated or the low-amplitude

Fig. 12. Mean amplitude of the plateau versus the plateau factor. The
color points to the signal-to-noise ratio.

peaks should not be studied (see Fig. 4). Using our methodol-
ogy, we recover non-spurious peaks only (Si > 0). Moreover, we
noted that TIC 198456033 and TIC 232604221 have the same
duty cycle (83.8%) but they are cases of power spectra with
and without flat plateau, respectively. However, the higher num-
ber of peaks, the higher number of errors should produce the
prewhitening method (Balona 2014). The typical number of gen-
uine peaks of the envelope is around a few tens (Barceló Forteza
et al. 2018). This is in agreement with number of envelope peaks
for our sample for any Ξ (log Ni ∼ 1.5, see Fig. 9). Since there is
no relation between the number of envelope peaks and the pres-
ence of a flat plateau, a cascade bug due to consecutive errors
in the analysis should not be the main cause of the presence of
a flat plateau. Oppositely, the non-harmonic nature of the sig-
nal referred by Pascual-Granado et al. (2015) and Suárez et al.
(2020) might originate non-spurious peaks so fractality cannot
be discarded as a plausible cause for the flat plateau.

The maximum density of peaks reached in our sample
(nmax ∼ 9.6 ± 0.4 peaks/µHz) implies one peak each 100 nHz,
approximately three times the Rayleigh frequency of our light
curves (νR ∼ 33 nHz). Although this is not a guarantee for the
absence of unresolved peaks due to period or amplitude vari-
ations, their presence has been minimized thanks to our strat-
egy (see Sect. 2). δ Scuti stars may have cyclic variations from
months to years (e.g., Barceló Forteza et al. 2015; Bowman et al.
2016) and the stars of our sample are not an exception (Barceló
Forteza et al., in prep.). BF2017 suggests mode variation as one
of the main causes of the presence of the flat plateau apart from
rotation. In fact, both phenomena may be related via rotational
mode coupling (Buchler et al. 1995).

5.1. Down to the background

The statistical model used to estimate the background noise and,
therefore, the detection of significant peaks in the power spec-
trum, depend on hypotheses about the physical properties of
the star. Noise may not only include the non-frequency depen-
dent white noise but other components such as those produced
by activity or granulation (Harvey 1985). The observation of
this stochastic motion requires a convective surface such as in
Sun-like stars (Michel et al. 2008) and red giants (Kallinger
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Teff (K) L (L⊙)
νλ νc,n νN Ā (ppm) Ξ

n̄ ∆n
Grass Regime

(µHz) (µHz) (µHz) (peaks/µHz) (peaks/µHz)

8360 ± 120 30.7 ± 1.4 140 ± 5 450 ± 5 861.473 6.11 ± 0.15 0.812 ± 0.001 5.27 ± 0.13 2.75 ± 0.14 Dense

7200 ± 120 9.5 ± 0.4 100 ± 10 - 180.973 - - - - No grass detected

7210 ± 120 22.0 ± 0.9 70 ± 5 240 ± 5 307.561 10.5 ± 0.4 0.632 ± 0.003 1.74 ± 0.10 0.33 ± 0.13 Dense

8650 ± 130 21.5 ± 1.0 140 ± 5 400 ± 5 792.089 7.7 ± 0.4 0.758 ± 0.001 4.27 ± 0.13 2.43 ± 0.14 Dense

7250 ± 130 13.2 ± 0.6 100 ± 5 400 ± 5 553.060 7.9 ± 1.1 0.214 ± 0.006 0.43 ± 0.04 0.12 ± 0.05 Sparse

7830 ± 110 9.11 ± 0.16 140 ± 5 690 ± 5 916.651 4.96 ± 0.26 0.599 ± 0.002 1.10 ± 0.05 0.24 ± 0.06 Saturation point

7910 ± 130 13.8 ± 0.5 160 ± 10 450 ± 25 1097.316 11.8 ± 0.6 0.700 ± 0.011 2.97 ± 0.10 1.97 ± 0.11 Dense

7600 ± 140 19.9 ± 0.9 150 ± 5 620 ± 5 735.728 7.7 ± 0.3 0.573 ± 0.001 1.04 ± 0.05 0.15 ± 0.06 Saturation point

8290 ± 130 18.7 ± 0.9 140 ± 5 830 ± 5 1207.349 14.0 ± 1.0 0.316 ± 0.004 0.80 ± 0.03 0.27 ± 0.04 Sparse

7820 ± 170 8.3 ± 0.5 120 ± 5 740 ± 5 973.901 9.5 ± 0.7 0.239 ± 0.001 0.384 ± 0.025 0.10 ± 0.03 Sparse

7940 ± 130 12.3 ± 0.4 130 ± 5 460 ± 5 618.751 9.0 ± 0.3 0.649 ± 0.003 1.57 ± 0.07 0.45 ± 0.08 Dense

7210 ± 130 9.3 ± 0.4 130 ± 10 360 ± 5 363.090 3.3 ± 0.9 0.015 ± 0.007 0.087 ± 0.019 0.00 ± 0.03 Sparse

7170 ± 140 15.9 ± 0.9 200 ± 5 230 ± 5 448.904 15.9 ± 1.6 0.488 ± 0.009 1.03 ± 0.09 0.45 ± 0.10 Sparse

7530 ± 120 9.0 ± 0.3 80 ± 5 550 ± 5 672.778 12.2 ± 0.7 0.420 ± 0.011 0.67 ± 0.04 0.11 ± 0.05 Sparse

7690 ± 130 32.3 ± 0.9 90 ± 5 410 ± 5 1075.366 5.5 ± 1.0 0.029 ± 0.001 0.39 ± 0.04 0.25 ± 0.04 Sparse

8060 ± 130 15.3 ± 0.7 160 ± 5 620 ± 5 907.640 17.5 ± 0.5 0.698 ± 0.001 4.06 ± 0.09 1.33 ± 0.11 Dense
Table 1. Grass parameters measured for our sample of δ Scuti stars. First and second columns are the effective temperature and luminosity by
Stassun et al. (2019), respectively. The following columns are all defined in Sect. 4. Third, fourth, and fifth columns are the frequency at minimum
peak density, the cut-off frequency for peak density, and the highest frequency detected, respectively. The sixth and seventh columns are the mean
amplitude of the plateau, and the plateau factor, i.e., the stability of the flat plateau. The eighth and ninth columns are the mean density of peaks,
and the grass density decay, respectively. Last column indicates the grass regime.

et al. 2010). Kallinger & Matthews (2010) highlight that early
A stars may have a thin, but non-negligible convective layer in
their surfaces. They suggest granulation as the cause of the high
amount of low-amplitude peaks, including a threshold to stop the
prewhitening and avoid them. However, they use a linear interpo-
lation method that may artificially change the distribution of fre-
quencies (Pascual-Granado et al. 2018). On the contrary, we use
our non-linear interpolation method to fill the gaps achieving a
significant background noise reduction (see Sect. 3). In addition,
we use a local signal-to-noise ratio and, therefore, we take into
account the background noise variation with frequency. Instead
of only using the false alarm probability, the fractal component
of the light curve should be taken into account (de Franciscis
et al. 2019). The application of this technique to redefine the de-
tection limit for the study of the grass will be the focus of future
work.

In any case, our study does not rule out the granulation
as a mechanism for plateau formation. One possibility may be
the coupling of rotation and convection. Rotation may extend a
subsurface convective zone, mainly on the equator but also at
the poles (Maeder et al. 2008). Then, fast-rotating stars may
have larger stochastic contributions than slow rotators. More-
over, their characteristics may change depending on the incli-
nation from the line of sight.

5.2. Rotation, ageing, and grass regimes

As we introduced in Sect. 1 and discussed above in Sect. 5, rota-
tion rate may be the main cause of the presence of a flat plateau.
There might be not an unique mechanism related with rotation,
but different flavours such as the convection - rotation connection
(Maeder et al. 2008), the pulsation - rotation coupling (Buch-
ler et al. 1995), or the emergence of chaotic modes due to the

flattening of the star (e.g., Lignières & Georgeot 2009; Evano
et al. 2019; Mirouh 2022). BF2017 suggested rotation rate as
one of the mechanisms behind the presence of the flat plateau.
In fact, they found that the higher their rotation rate, the higher
their peak density. Taking into account their results, all stars at
the dense grass regime should be fast rotators, and the saturation
point may indicate the emergence of the chaotic modes (Barceló
Forteza et al., in prep.). Furthermore, the visibility of modes in a
flattened stars depends on its inclination (e.g., Reese et al. 2013,
2017), which can explain the seemingly random distribution of
the mean amplitude of the flat plateau (see Fig. 12).

Age may also play a significant role. δ Scuti stars are lo-
cated in the HR diagram from the main sequence to the giant
branch (see Fig. 3). During the evolution process, the stellar
parameters such as radius, temperature, or luminosity change
with time (e.g., Pamyatnykh 2000). Therefore, the power spec-
tra of this kind of stars also change (Breger 1998; Christensen-
Dalsgaard 2000) and, consequently, their seismic indexes such
as the large separation (∆ν; e.g. García Hernández et al. 2015;
García Hernández et al. 2017; Mirouh et al. 2019; Bedding et al.
2020), the frequency at maximum power (νmax; e.g., Barceló
Forteza et al. 2018, 2020; Hasanzadeh et al. 2021), or the split-
ting due to rotation (s; e.g., BF2017; Ramón-Ballesta et al.
2021).

Stellar rotation on the main sequence depends on the angular
momentum loss and redistribution at the formation phases of the
star (Sun et al. 2021). Once the initial rotation rate at the Zero-
Age Main Sequence (ZAMS; t/tMS ∼ 0) has been established,
the rotation evolution up to the Terminal-Age Main Sequence
(t/tMS ∼ 1) can be described taking into account the physics
of the star. δ Scuti stars increase their rotation rate with respect
to its break-up frequency (Ω/ΩK) from ZAMS to t/tMS ∼ 0.4
and then remain high for the rest of the main sequence (Zorec &
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Royer 2012). Similarly, Georgy et al. (2013) models show an in-
crease of the rotation rate from t/tMS ∼ 0.1 to 0.9. The higher the
initial Ω/ΩK , the greater its increase. For both cases, this growth
is mainly due to the decrease of break-up frequency (ΩK), i.e.,
there is a lower contribution of the gravity force against the cen-
trifugal force.

Ω/ΩK ∝ Ω

(
R3

GM

)1/2

=

√
Ω2R
geff
. (10)

Taking into account the ΩK variation with age, one δ Scuti
star at the sparse grass regime may increase Ω/ΩK and, con-
sequently, its density of peaks. Therefore, a δ Scuti star may
change from a sparse grass regime to a dense grass regime, es-
pecially for these stars with intermediate to fast initial rotation
close to the transition between both regimes.

6. Conclusions

The low-amplitude power spectra of δ Scuti stars contains cru-
cial information. It can present a flat power excess known as
flat plateau, or not. Both cases are of interest. This structure can
be described by a high density of low-amplitude peaks between
two characteristic frequencies: The frequency at minimum peak
density (νλ), that separates the γ Doradus and δ Scuti pulsation
regimes; and the cut-off frequency that is the high-frequency
limit where the density of peaks drops (νc,n).

The flat plateau can be quantitatively studied thanks to the
low-amplitude, low-signal peaks known as grass (log Si ≤ −2).
There are two regimes depending on the density of these kind of
peaks (n̄) and the stability of their amplitudes (Ξ). In the sparse
grass regime, the grass is not dense enough and its amplitude not
uniform enough to make a flat plateau. On the contrary, in the
dense grass regime, the high density of grass peaks with similar
amplitude allows us to observe the flat plateau.

The saturation point (Ξs ∼ 0.6) is reached at 1 grass peak per
µHz, approximately. At that point, the grass density decay in-
creases from 0.2 up to 2.75 peaks/µHz. The flat plateau is always
significant in the dense grass regime, but its mean amplitude is
not correlated with the density of peaks nor the plateau factor.

Unlike the grass, there are no significant differences in the
high-signal peaks of the envelope (log Si ≥ −1) for cases with
and without flat plateau. As BF2017 suggested, the power spec-
tra of δ Scuti stars appear to have two different structures: the
envelope formed by stellar pulsations and the grass which origin
still in debate.

After having parameterized the behaviour of the grass for
δ Scuti stars, studying the stellar structure of each component
should be mandatory. The differences between members belong-
ing to each regime may help us to find the mechanism for the
emergence of the flat plateau.

One of the most interesting candidates is rotation. The satu-
ration point may be related to the emergence of chaotic modes
due to the flattening of the star at high rotation rates. Further-
more, rotation may be related to most of the other mechanisms
such as mode coupling or granulation. All these possibilities de-
serve to be explored by looking for rotational signatures at the
power spectra such as rotational split modes or surface rotation
signals.
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